Standing-wave excitation of fluorescence is highly desirable in optical microscopy because it improves the axial resolution. We demonstrate here that multiplanar excitation of fluorescence by a standing wave can be produced in a single-spot laser scanning microscope by placing a plane reflector close to the specimen. We report that the relative intensities in each plane of excitation depend on the Stokes shift of the fluorochrome. We show by the use of dyes specific for the cell membrane how standing-wave excitation can be exploited to generate precise contour maps of the surface membrane of red blood cells, with an axial resolution of ≈90 nm. The method, which requires only the addition of a plane mirror to an existing confocal laser scanning microscope, may well prove useful in studying diseases which involve the red cell membrane, such as malaria.
excitation. The centre of the fringes, which is the point of contact between the specimen and the mirror, is dark as expected because the mirror surface is the first node of the standing wave. This result is the fluorescence equivalent of classic demonstrations of standing light waves [10] [11] [12] [13] . We sought to extend this experiment to include objectives of high numerical aperture, such as are needed in cell biology imaging. These have a limited working distance of a fraction of a micrometre. We coated a glass coverslip with a thin layer of fluorescein dye and placed this on top of a planoconvex silicon lens which served as a mirror, as in Figure 2a shows a median section of the half-spherical surface of the specimen in Fig. 1a , of radius R, centred at O, in contact with the mirror. A bright fringe of radius r 1 is at a height L 1 above the mirror, and the fringe next it, of radius r 2 , is at a height L 2 . The height separating these two successive fringes is then obtained from the two triangles formed separately by r 1 and r 2 , the lengths of which are given by the Pythagorean theorem as
The separation height is therefore
We then plot the fluorescence intensity as a function of radial distance, as in Fig. 2b , which shows the fringe spacing getting smaller with distance from the centre, which is what we would expect if a fluorescent shell of spherical shape is excited by the evenly-spaced antinodes of a standing wave. Using our result above for L 1 − L 2 , we are then able to translate this plot into one of fluorescence intensity as a function of height from the mirror surface, as in Fig. 2c , where we have obtained evenly-spaced peaks of fluorescence emission, 255 nm apart, corresponding to where the dye is excited by successive antinodes of the standing wave. In the experiment setup, there is only air between the specimen and the mirror (n = 1), and using λ = 514 nm for the excitation, we obtain the actual antinode spacing λ/2n = 257 nm, showing that our experimental result is within 0.8 % of the actual value. Finally, the measured experimental antinodal spacing in Fig. 2c and the actual lateral separation of the fringes in Fig. 2b lead to an accurate reconstruction of the planoconvex specimen in three dimensions, shown in In addition to fluorescence fringes detected at a wide bandwidth of 100 nm, we also observed beats in the fringes particularly when the detection bandwidth was reduced to 5 nm. In our experiments, the beat frequency is proportional to the Stokes shift, consistent with an interaction between the excitation and emission waves. Figure 3 shows the beating in the directly-observed fringe pattern and clearly demonstrates the increasing frequency of the beats as the fluorescence is detected from 540 nm through to 580 nm. Taking Fig. 3e as an example, beating between 514 nm excitation and 580 nm emission gives a theoretical beat wavelength of 4520 nm from 1/λ beat = 1/514 nm -1/580 nm. Fig. 3f plots the fluorescence intensity in Fig. 3e as a function of height from the mirror surface, using the method described above. Using the spacing between peaks in the beats pattern, equal to λ beat /2n, we measured a beat wavelength of 4690 nm, accurate to within 3.8 % of the theoretical value. Previous work has shown that when fluorescent molecules are placed close to a mirror, the emitting molecule acts as an oscillating dipole (an antenna) and that the reflected and unreflected parts of the emitted fluorescence wave interfere with each other, producing fringes from wide-angle interference [14] [15] [16] and oscillations in the fluorescence decay time 17-20 . Subsequent work in this area studied the modulation of fluorescence intensity with distance from the mirror, and explained the effect as a consequence of interference between the exciting and emitted light waves 21 . The observation of beats of the type we describe here appears to be novel in optical fluorescence microscopy, and suggests a method by which the successive standing wave antinodes could be distinguished by their amplitude. It may be possible to extend this distinction further to an unequivocal identification by analysis of fringe colour, using multiple colocalised fluorochromes with overlapping excitation spectra but differing in emission wavelength and Stokes shift.
In order to test whether the fluorescence fringes that we observed were caused by standingwave excitation formed by the interaction of the excitation light with the mirror, and not by a Fabry-Perot cavity effect, where the silica-air interface on one side and the mirror on the other formed the cavity, we constructed specimens in which we put immersion oil (n = 1.52), pure glycerol (n = 1.47) and a solution of 91 % glycerol in water (n = 1.46) 22 between the substrate and the mirror. Putting a film of fluid that has the same refractive index as the silica lens (n = 1.46) 23 eliminates reflection from the convex surface. We still observed the concentric fluorescence fringes in all these cases, proving that the fringe pattern is caused by a standing wave only. we prepared red blood cell ghosts, which have the same shape as normal red blood cells but with the haemoglobin removed from the interior. We used the protocol of Harris et al.
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for the preparation of the ghosts, which we describe in the Methods section. We stained the membrane of the prepared ghosts and intact red blood cells with DiI and DiO, and mounted these on top of a mirror. We also prepared specimens of the ghosts and red blood cells on ordinary non-reflective glass microscope slides, to serve as controls. All specimens 
